Generally, jack-up structures are used for production drilling and exploration of hydrocarbons. The combination of mobility and the behavior as a fixed structure in operational conditions has made it an important structure in the offshore industry over the last 40 years. When a jack-up structure has been in operation for a great part of its original design-life and intention is there to extend the usage of this structure at a specific location, an investigation on fatigue degradation of the structure is an essential factor that has to be carried out before taking any decision. Fatigue is the process of damage accumulation in material due to stress fluctuation caused by variation of loads in service time. The fatigue failure occurs when accumulated damage has exceeded a critical level. In this paper, the remaining fatigue capacity of the jack-up structure is considered as an indicator for adequate use of the structure. It can be specified based on the difference between design-fatigue and fatigue experienced by the structure.
INTRODUCTION
Time-varying nature of environmental loads such as wave and wind will cause fluctuation of stresses in structural components of the offshore platforms. The deterioration process, which arises from fluctuation of stress, is known as the fatigue damage and should be evaluated before reaching a critical value. Traditionally, fatigue damage has not been considered as an important problem for jack-up platforms. The main reason was that the most platforms have been designed for areas with low or moderate environment conditions. Recently, by using jack-up platforms in areas with more severe sea conditions or as permanent platforms, the fatigue damage becomes an important factor in evaluating the integrity of the structure [1] .
Based on a simple deterministic approach, Connolly [2] has extended a method to determine the remaining fatigue life of tubular joints. In this method, based on fracture mechanics the 
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remaining fatigue life of tubular joints are determined as the time of propagation of crack from initial value to throughthickness.
However, due to uncertainty in characteristics of loads and fatigue, the suitability of deterministic methods will be suspicious and it is reasonable to prefer reliability methods in the analysis, as was also suggested by for instance, Kam and Birkinshaw [3] , and Tang and Xi [4] , and Tromans and Vandergraaf [5] . In this paper the remaining fatigue reliability of the structures is determined based on the difference between the annual fatigue reliability of the structure during its service time and the annual target reliability. The inspection of the structure during its service time prepares a proper information to update the fatigue reliability. Risk based inspection with an application to pressurized HC production systems is discussed by Hagemeijer and Kerkveld [6] . More details on reliability and inspection updating methods are discussed and numerically illustrated in the subsequent sections.
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FATIGUE DAMAGE MODEL
The parameters governing the fatigue damage are the geometry of the joint, location and dimension of crack initiation, the material characteristics, the environmental conditions and the loading. Thesy have a random nature, and consequently, analysis and design based on probabilistic methods would be appropriate. The design criteria are then generally a limiting value of the probability that the fatigue damage exceed the critical value during the design life.
The fatigue prediction of an offshore structure may be described by two basically different approaches. The first approach is an S-N fatigue approach, which relates a constant stress range, S, to the number of cycles, N. S-N curve is obtained from appropriate fatigue experiments. These experiments are used to determine a relationship between the number of cycles to failure (N) and stress range (S). The issue has been addressed through the development of lower bound stress-life (S-N) curve. The Palmgren-Miner model extends this approach to variable amplitude loading [7] . The second method is the fracture mechanics approach, which describe the crack growth under consideration of stress field at the crack tip. In subsequent section, this method will be discussed by more detail.
Fatigue crack growth model
To predicting crack growth of a surface crack, it is assumed that the crack growth per stress cycle at any points along the crack front follow the Paris and Erdogan equation [8] . In this method, to simplify the problem it is considered that the fatigue crack has initially a semi-elliptical shape and in duration of propagation of crack it remain semi-elliptic. The characteristic of crack is illustrated in figure 1 . The crack depth (a) and the crack length (2c) would be the sufficient parameters to describe the crack front. Based on Paris and Erdogan equation the increment in crack size d r (φ), during a load cycle dN, at a specific point along the crack front is related to the range of the stress intensity factor ∆K r (φ) for that specific load cycle by following equation.
where C r (φ) and m are material parameters for that specific point along the crack front, and φ is location angle. The differential equation (1) must be satisfied at all points along the crack front. As consequence of this assumption, the following pair of differential equations could be derived from equation (1) for two points A and C, see figure 1.
Two subscripts C and A refer to the end point and deepest point of the crack at the surface, respectively. Shang-Xian [9] is shown the material property, m, mainly depend on the fatigue crack propagation and independent of the crack size in both
directions of depth and surface. In addition, Raju and Newman [10] calculate the relationship between two material parameters C A and C C and they results slightly differ due to general threeaxial stress field. Therefore, Shang-Xing [9] and Raju and Newman [10] proposed to relate C A and C C by the following equation.
The failure criterion normally refers to a critical value of the crack depth a or the crack length c, thus it will be convenient to rewritten equations (2) and (3) as
The general expression for the stress intensity factor is
, where the geometry function Y accounts for the effect of all boundaries, i.e. width, thickness, crack front curvature, etc. Raju and Newman [10] have proposed an empirical equation for the stress intensity factor K(φ) of a surface crack in a finite plate subjected to tension and bending loads. This equation has been fitted on finite element result for two types of remote tension and bending loads applied to surface cracked-plate. The derived stress intensity equation from this research has been,
Whereσ t is the remote uniform tension stress, σ b is the remote outer-fiber bending stress. In addition, a is crack depth, c is half the crack length, t is the thickness of the plate, b is the half width of the panel and φ is the angle that specify the position of the considered point, see figure 1 . Q is the shape factor and two parameters F and H characterize the boundary-correction factor. Raju and Newman equation [10] is adapted as the best available formula for stress intensity factor. This equation is derived for 0< a/c ≤1.0, 0 ≤ a/t < 1.0, c/b < 0.5 and 0 ≤ φ ≤ π. . In the later investigation of Raju and Newman [11] to determine the stress intensity factor of rods and pipes, they found that the difference in stress intensity factor between a semi-elliptical crack in plate and in a pipe with small thickness to diameter ration is generally small. Hence, for c/b → 0, the stress factor for point A (φ = π/2) and C (φ = 0) are expressed by the following equations.
where
H A and H C are the H-value taken at φ = π/2 and φ = 0, respectively. More detail about F, Q and H functions could be found in Raju and Newman [10] . By either fixing the a/c ratio or by expressing crack length as function of crack depth, ShangXian [9] has shown equation (5) could be reduced to a constant and equation (6) can be solved independently of equation (5). This model is referred to as one-dimensional crack growth model and is used in the present investigation. Sigurdasson and Torhaug [12] carried out an investigation on influence of changing a/c and a/t on the stress intensity factor. They demonstrated that the expected remote bending to tension moment ratio (α) in the stress peaks is almost equal for each considered sea states (E (α peak ) ≈3.0) and using this expected ratio to estimate the expected stress intensity ranges to power m gives good results for fatigue life calculation. They also found for one-dimensional model with small a/c results are conservative and un-conservative if a large aspect ration is chosen. By substitute equation (8) in equation (2) and separating the variables, the following equation could be derived. In addition damage function can be described by the following expression [13] .
where ψ( ) is monotonous function. If the stress range is denoted by S i =∆σ total,i , the right hand side of of equation (13) for variables amplitude loading could be replaced by the following summation [14] ,
therefore, the crack size after N stress cycles, a(N), could be obtained by solving equation (13) 
Where a c is the critical crack size. It is noted from equation (14) and (16) the damage index D increases linearly from zero to one with the number of stress cycles. This damage accumulation is in agreement with Miner's rule and the S-N approach [13] .
Long term stress distribution A jack-up structure is subjected to stress fluctuation mainly due to action of waves. The long-term distribution of stress ranges can be obtained as a weighted average of the short-term distribution in which each weighted average is given as the ratio between the number of stress cycles in the actual short-term period and the long-term mean number of stress cycles. Hence,
f Hs,Tz (h S ,,t Z ) is joint density function of significant wave height and mean zero-uncrossing period and F S (s h S ,t Z ) is short-term stress range distribution function and w( H S ,T Z ) is a weighting factor [15] . This long-term distribution function is of a somewhat complicated form and needed considerable computation time. Therefore it is interesting to fit a simpler distribution to equation (17) . The DNV specification [7] recommended the long-term stress distribution of stress range might be accuracy modeled by a two-parameter Weibull distribution.
Where A and B are the scale and shape parameters of the Weibull distribution, respectively. In the probabilistic analysis the actual stress range could be never known exactly due to uncertainty involved in the stress analysis. Hence, to account this uncertainty in the crack propagation method, the stress range is multiplied by a random variable X S , which is know as stress model uncertainty. This random variable is assumed to follow the log-normal distribution with a mean value of 1.0 and COV equal to 10% [16] .
SAFETY MARGIN AND RELIABILITY
To carry out fatigue reliability analysis, an expression is needed to define safety margin or limit state function. In fact, the safety margin specifies the boundary between failure and safe domain. Based on fracture mechanics the safety margin, M, of variable amplitude loading for failure of structural component at time t is specified as crack growth to a critical size a c [13] , Hence
where a 0 is the initial crack size, a c is the critical crack size, which is taken in this research as the through-thickness size. ν 0 is the average zero-crossing rate of the stress cycles over the lifetime, Γ(.) is the gamma function and X Y is a randomized modification factor for geometry function [16] . Equation (19) is derived based on fitting of the Weibull distribution function to stress range.
Based on this safety margin, the failure takes place when M (t) ≤ 0. The failure probability P F and reliability index β is related by [13] .
where Φ(.) is the standard normal distribution function. By using one of the methods FORM, SORM or Monte Carlo methods failure probability could be determined. More general detail about calculation of reliability index or failure probability can be found in Thoft-Christensen, Madsen and Rubinstein [14, 17, 18] . In this research based on FORM method a computer program has been written to determine the reliability index by using full term of Raju and Newman stress intensity factor.
Reliability Updating
To update reliability of offshore structure, different methods could be used. Three types of event updating, variable updating and statistics updating are the main category of updating and could be utilized in reliability updating.
The selection of specific updating method mainly depends on available information and additional detail of structure. The offshore structure often inspected to detect cracks in duration of its lifetime before to reach the critical level. Inspection process can prepare some information for event updating. Hence, the updated probability of failure can be determined by using the following conditional probability,
where E is the possible result from inspection event and will discuss by more detail in impending section and M is the safety margin described by equation (19) . Changing number of random variable can vary the reliability index. In many situations, inspection information may be provided to updating the number of basic random variables. This kind of updating is identified as variable updating and failure probability can be calculated by replacing the updated random variables in the new safety margin. In this type of updating, sensitive analysis could be carried out to limit number of basic random variables without loosing accuracy of results.
Updating of the mean value, the standard deviation or the type of probability distribution function of random variable is called statistical updating [19] .
Updating Event Margin
Basically two most common inspection results could be derived from inspection. Firstly, crack detected, measured and unfortunately repaired and secondly, no crack detected. In the following sections the probabilistic formulation of these two inspection results are derived and discussed.
Crack detected and measured
If in inspection process the crack detected at time t I and measured, the event or event margin corresponding to detection of crack can be expressed by the following equation.
where a I is the measured crack size at time t I and due to uncertainty in the interpretation of a measurement instrument ,it can be regarded as random variable. Other terms in equation (22) are same as equation (19) . The failure probability may then be calculated based on condition probability of event margin, it means [13] .
where η is an auxiliary term that approaches to zero. The inspection itself does not increase the reliability of the structure, but makes it possible to take the necessary corrective action as well as repair (grinding or weld). The new safety margin after repair is the same as safety margin of equation (19) , except that new initial weld defect and characteristic of materials after repair should be substituted in this equation.
No Crack detected
If no crack detected, it means that no crack exists or the existing crack size is too small to be detected. The event margin for this inspection event at time t I can then be determined by
where a D is the detectable crack size. Since the detectable crack size depend on inspection method and measurement instrument, it should be regarded as random variable and specified by specific probability of detection (POD) curve. Several formulation of POD is available but in this research the commonly exponential distribution is selected [13] ,
In which λ is the mean detectable crack size. If the same joint with the same POD is inspected, it is expected that repeated inspection should improve the chances of finding the defects.
For n inspections and same POD of equation (25) for every inspection, the likelihood of success POD is determined by the following equation, if exponential distribution is used to specify POD,
where P D, n (a D ) is the POD after n independent inspection of the same joint. It seems from equation (26) by applying several inspections with an unfavorable technique, a reasonable success can be expected if the inspection could be repeated several times. This expression can only be used when the inspection procedures are independent. Since in practice this is difficult to achieve by the same inspection team repeating the same inspection for the reason that they might be influenced in each inspection by what they had found during the earlier inspection, it could be rather proper the inspection process carry out at different times. However, in some situation it might be more efficient to do several inspections at one time, especially at the fabrication stage. Target reliability is an important factor that has to consider in design stage of an offshore structure. In fact, target reliability is the lowest limit of reliability that the reliability of the structure in duration of service time should be sustaining more than it is. In general, acceptable probability of failure or target reliability is depended on the consequence and nature of failure events that might be considered. Evaluation of consequence of failure could be acquired based on human injury, environmental impact and economical loss. The minimum values of target reliability could be calibrated against well-established cases that are known to have adequate safety. When it is not possible to establish this target reliability by calibration against existing well-established structure, recommendation of DNV specification can be used based on consequence and class of failure [20] . Hence, in this research based on type of consequence of failure and class of failure, minimum annual target reliability is assumed to be 3.71(P f =10 -4 ). The remaining fatigue reliability of structural component can be specified as the difference between the annual reliability of structural component in service time and annual target reliability. The annual reliability in service time is the reliability index in which determined by difference between probability of failure in two subsequent years. The annual target reliability is the reliability index derived from annual probability of failure. Hence, remaining fatigue reliability R rem can then be derived by the following expression
where R t is the annual fatigue reliability in service time t and R T is the minimum annual target reliability, which recommended by DNV. When remaining fatigue reliability approaches to zero, it could be considered that the failure probability increases. In this situation, any action as well as decreasing loads on structure or increasing the strength of structure could be used to improve the remaining fatigue reliability.
The results derived form inspection of structure could also prepared a good information to improve remaining fatigue reliability. In this research, the updating process based on event updating when no crack detected is applied to update remaining fatigue reliability. 
BASIC RANDOM VARIABLES AND NUMERICAL RESULTS
To illustrate the procedure of determining fatigue reliability and inspection planning, the Neka jack-up platform (RamuaRepola, Finland) with three retractable legs is considered, figure  2 . Daghigh et al [21] and Boon et al [22] investigated the system reliability of this structure. Due to the interaction of leg inclination and directional moment distribution, it has been found that the place of connection between deck and leg has great influence on the stress distribution. Based on detail model of jack-up structure, figure  2 , and result of short-term stress distribution of structure, the long-term stress distribution has been determined.
By using the method explained in last section, the scale and shape parameter of Weibull distribution is determined. Since some uncertainty might be presented in the stress distribution, it is considered that only scaled parameter of Weibull distribution reflect this uncertainty, therefore this parameter of distribution function is considered as random variables with lognormal distribution function. The mean and coefficient of variation of scale parameter is determined to be 1.54 and 0.4, respectively and shape parameter of Weibull distribution is determined to be 0.85. The long term zero up crossing was found to be, ν 0 =0.154 cycle per second, which corresponds to 4.86*10 6 cycles per year. Other random variables and type of distribution functions are listed in table 1.
Based on FORM method a computer program is written to determine reliability of specified joint in duration of service time of structure. The results of reliability analysis in according to limit state function of equation (19) is shown in Figure 3 . As it is illustrated, the reliability index decreases by increasing of service time. In offshore industry, inspection might carry out in service time of offshore structure.
Based on class and consequence of failure [20] , annual target reliability is considered to be 3.72.
The inspection quality is given through the POD curve by the following equation,
in which a D is the crack size. This POD curve gives a 90% probability of detecting a 2.3-mm crack size by MPI method.
The remaining fatigue reliability of structure is defined in accordance with equation (27) and is shown in figure 4. Regarding to this figure, it is remarked that the structure is needed to inspect after 15 years when the remaining fatigue reliability approaches to zero. The reason to it could be stated that the probability of failure increases. In purpose of determining the fatigue reliability after first inspection, the equation (21) has to modify in which second and third inspection processes are also included in this expression. Based on Bayasian method, the numerator of equation (21) changed to failure probability of parallel system when safety margin is included and denominator become failure probability of parallel system when event margin is defined based on the first and second inspection, respectively. To determine failure probability of parallel system, Hohenbichler and Rackwitz [23] approach have been applied. The effect of updating due to derived information from inspection of structure is illustrated in figure 5 . As it is illustrated in this figure, the remaining fatigue reliability increase by updating of reliability and decrease by increasing service time again. In purpose to keeping the fatigue reliability in specific level, the second and third inspection process is needed to carry out in lifetime of jack-up structure after 7 and 6 years of the first and second inspection, respectively.
Based on aforementioned method, the process of inspection could be designed for other joints of jack-up structure to keep the fatigue reliability of joint in specific level. Since the jack-up structure contained a lot of joints, categorization of joints based on stress level and geometry of joints could help to decrease calculation steps. In addition, the system reliability of jack-up structure in accordance to fatigue limit state function could be determined by using the reliability of series system of parallel subsystem. In this regard, reliability of joints constitutes series system and inspection process constitutes the parallel subsystem.
CONCLUSIONS
Prediction of the fatigue life of the structural component is an important factor in extending the lifetime of jack-up structures. Due to uncertainty in determining the characteristics of loads and material in a fatigue analysis, the rational procedure to deal with uncertainty in parameters is with reliability methods. In this paper a methodology to assess the fatigue reliability of structural components of jack-up structures is presented based on the crack propagation method.
A reliability function has been derived using the Raju & Newman and Paris & Erdogan equations. Also, an approach to determine the remaining fatigue reliability in accordance with annual target reliability is discussed and determined.
By using the remaining fatigue reliability, a procedure for inspection of the structure has been presented. Results of a case study show that the first inspection time for jack-up structures could be carried out after 15 years of service time but the second and third inspection should be performed after 7 and 6 years of the first and second inspection, respectively. maintenance of 
